Bioluminescence is a trait observed among approximately 10% of Vibrio cholerae isolates. We have demonstrated that not only do some strains of V. cholerae produce low levels of light, undetectable by the human eye, but the luciferase gene sequence is present in strains of V. cholerae which emit no detectable light, evidenced by hybridization with a luciferase DNA probe'. Comparisons of the amino acid sequences of luciferase enzymes of marine species have shown that these proteins have diverged to the point where they have only short regions of amino acid identity. The polymerase chain reaction method of DNA amplification with oligonucleotide primers based on these regions was used to isolate a region of the luxA gene from both luminescent and nonluminescent V. cholerae strains. The nucleotide sequence of this region was determined and reveals that nonluminescent V. cholerae have 99.7% nucleotide sequence similarity in this region with the luminescent biovar V. cholerae bv. albensis as well as significant similarity to other species of bioluminescent bacteria, a finding that is in accord with the hypothesis that these species have a common luminescent ancestor, most probably from the marine environment.
Bioluminescence in bacteria has been observed in species of the genera Vibrio, Photobacterium, and Alteromonas (6) , as well as in Xenorhabdus luminescens, a terrestrial organism (6, 13) , and Vibrio cholerae biovar albensis, isolated from freshwater and estuarine environments (6, 16, 17, 58, 59) . The biochemistry of the reaction is the same in all species. The reaction FMNH2 + 02 + RCOH -* FMN + RCOOH + H20 + light is catalyzed by the enzyme luciferase, a heterodimeric (oa) flavin mono-oxygenase (28) . Reduced flavin mononucleotide (FMNH2) is oxidized simultaneously with the aldehyde (RCOH; tetradecanal [57] ) in the presence of luciferase to the corresponding oxidized flavin (FMN) and fatty acid (RCOOH; tetradecanoic acid) (7, 18, 19, 29, 41) . Blue-green light is emitted when the peroxyflavin aldehyde adduct is cleaved across the peroxy group to yield the flavin mononucleotide (FMN) and water (19) .
In V. fischeri, seven genes have been identified which are required for luminescence. Two genes (luxA and luxB) code for the a and B subunits of luciferase, and three (luxC, luxD, and luxE) code for enzymes necessary for the synthesis and recycling of the aldehyde substrate (20, 21) . These structural genes have also been identified in V. harveyi (1, 8, 12, 56) , P.
phosphoreum (38, 39) , and P. leiognathi (33) . In addition, several other structural genes have been found in the same operon (10, 33, 38, 56) and, since not required for bioluminescence, are theorized to aid in the survival and/or symbiosis of these bacteria in the marine environment (56) . Two regulatory genes, luxI and luxR, provide functions necessary for the synthesis of and response to autoinducer, a molecule which accumulates in the growth medium; when a critical concentration has been reached, it induces expression of the lux structural genes. With the exception of luxR in V. harveyi (40, 53) , regulatory genes have not been found in other * Corresponding author. species, although they too undergo a lag before the onset of luminescence, typical of the phenomenon of autoinduction.
Not only do some bacterial genera comprise both luminescent and nonluminescent members, but also several lines of evidence indicate that the genes for bioluminescence may exist in nonluminescent species. Small amounts of active luciferase have been extracted from nonluminescent species (45) ; autoinducer, which is active in inducing luminescence in V. harveyi, has been isolated from nonluminescent species (23) ; and nonluminescent bacteria, the DNA of which hybridizes to the V. harveyi luciferase gene, have been isolated from seawater (46 (50) were used to screen for plasmids in luminescent V. cholerae strains ATCC 14547, UM4089, and UM4102, as well as in nonluminescent strains UM4082 and UM4079. Preparations were separated by electrophoresis through 0.7% SeaKem GTG agarose gels (FMC).
Low-level light detection in visually nonluminescent V. cholerae strains. Growth and light production curves for two luminescent strains of V. cholerae revealed that peak light emission occurs at 6 h, corresponding to an OD660 of 20.5, with high levels of light emitted at optical densities as low as 0.1. Light emission continued at this level throughout the 10-h assay period (data not shown). The time and OD660 level of maximal light emission were used to assay the visually dark V. cholerae strains for low-level light emission. Sterile glass scintillation vials containing 10 ml of LB medium were inoculated with 100 RI of a 5-ml overnight culture of the V. cholerae and E. coli strains and incubated in the dark at 30°C and 200 rpm. At 6 h, luminescence was determined in a liquid scintillation counter (Beckman LS5801) with the single-photon monitor option in which the coincidence circuit is not used, and an average of counts of the total number of events seen by each photomultiplier tube is obtained. Serial 10-fold dilutions were made until a suitable concentration was obtained. Arbitrary light units (LUs) were calculated by subtracting the highest count obtained for E. coli (blank), indicating the amount of interfering photoand chemiluminescence, from the mean counts per minute (cpm) obtained for each V. cholerae strain. This value was normalized to cell density. An LU, therefore, has been defined as (mean cpm -cpm of blank)/10 ml (OD660). PCR Chromosomal DNA was isolated from V. cholerae strains by the method of Grimont et al. (24) . The PCR reaction was performed on 300 ng of partially Sall digested target chromosomal DNA with 10 to 15 pmol of priming oligonucleotides, as described previously, except that target and template DNA were annealed at a less stringent temperature of 370C.
Analysis of PCR products. PCR products were analyzed by electrophoresis, as described above. The PCR products were purified by passage through Elutip-D columns, as described by the manufacturer (Schleicher and Schuell), digested with HindIII and EcoRI restriction endonucleases (Bethesda Research Laboratories) in a reaction buffer containing 50 mM NaCl, and repurified with Elutip-D columns. The M13mp18 and M13mpl9 vector DNAs (Boehringer Mannheim) were digested and purified in the same manner, followed by dephosphorylation of the 5' ends with bacterial alkaline phosphatase (Bethesda Research Laboratories) according to the manufacturer's instructions. The vector and insert restriction digest products were heated separately at 650C for 10 min and iced immediately before cloning to minimize reannealing of the short digestion products (51a). The PCR products were ligated into the M13 vectors by well as single-stranded phage DNA isolation and purification, were performed by a modification of the method of Sambrook et al. (50) .
DNA sequence analysis with the M13 universal primers was performed by using Sequenase 2.0 (United States Biochemical Corporation) and the primers and reagents supplied with the kit according to the manufacturer's instructions. Four templates, each in M13mpl8 and M13mpl9 vectors, were sequenced.
Nucleotide and amino acid sequence analyses were performed with the GenePro (Riverside Scientific) sequence analysis software package.
Nucleotide sequence accession numbers. The sequences have been submitted to GenBank with the accession numbers M60437 (ATCC 14547), M60438 (UM4082), and M60439 (UM4102).
RESULTS
The chromosomal location of the genes responsible for bioluminescence in V. cholerae is inferred by the inability to detect extrachromosomal DNA in either luminescent (ATCC 14547, UM4089, and UM4102) or nonluminescent (UM4082 and UM4079) strains screened by the large plasmid screening methods of Kado an attempt to detect luciferase gene sequence in V. cholerae 01 strains, the hybridization experiments were repeated with the luxA sequence from both V. fischeri and V. cholerae biovar albensis (the ATCC 14547 PCR product described below). None of the 01 serovar V. cholerae strains yielded a positive hybridization signal with the luxA sequence of either V. fischeri or V. cholerae biovar albensis (Table 2) .
PCR amplification and nucleotide sequencing of luxA DNA in both luminescent and nonluminescent V. cholerae. In an effort to verify the hybridization signal as a lux sequence, PCR was used to amplify a region of the luxA gene in both luminescent and nonluminescent V. cholerae. As shown in Fig. 3 , an amplification product of the expected size was obtained in V. cholerae strains ATCC 14547, UM4082, and UM4102, which are either luminescent (ATCC 14547, UM4102) or hybridized with the V. fischeri probe (UM4082). The reaction appears to be specific, as only one band was obtained by agarose gel electrophoresis. The nonluminescent strains which did not hybridize with the probe either were not amplified (ATCC 14033, ATCC 14035) or did not yield a PCR product in the expected size range (UM4079).
Although the chromosomal DNA was digested with Sall under conditions of partial digestion, it is possible that the sequence of interest could contain a Sall site which would hinder PCR amplification. To eliminate this possibility, the experiment was repeated with DNA from V. cholerae ATCC 14547 (positive control), UM4079, ATCC 14033, and ATCC 14035 which had been sheared mechanically. Detection of luxA sequence in additional strains of 01 serovar V. cholerae biovar albensis was also attempted. In both cases, a PCR product was obtained only for V. cholerae ATCC 14547.
Nucleotide sequencing of these products from the luminescent V. cholerae biovar albensis (ATCC 14547), nonluminescent V. cholerae (UM4082) isolated from Chesapeake Bay, Md., and a dimly luminescent isolate (UM4102) from Tillamook Bay, Oreg., revealed that within this segment the isolates were 99% similar, differing at only one nucleotide (Fig. 4) .
Comparison of V. cholerae PCR-amplified region of the luxA gene with the corresponding region of luminescent marine species. Although the DNA and amino acid sequences of the lux genes have diverged considerably among the luminescent marine species, they have not diverged to the point where they no longer cross-hybridize with probes from the other species (42) . V. cholerae is a species which was hypothesized to be ecologically separated from the marine Vibrio species by the Na+ requirements of the latter (3) but has been shown to have an absolute requirement for Na+ for growth also (54) . The nucleotide sequence determined for the PCR-amplified region of the luxA gene from V. cholerae biovar albensis (ATCC 14547) was compared with the published nucleotide sequences for the corresponding regions of V. harveyi (12), V. fischeri (2, 22) , and P. leiognathi (2, 34) . Nucleotide sequence comparisons in this region revealed significant similarity: V. cholerae had 77, 68, and 67% nucleotide sequence similarity with the corresponding regions of V. harveyi, V. fischeri, and P. leiognathi, respectively. The deduced amino acid sequence of these products also revealed significant amino acid similarity with the corresponding regions from the marine species. V. cholerae had 88% amino acid similarity with V. harveyi and 69 and 64% similarity with V. fischeri and P. leiognathi, respectively (Fig. 5) . V. cholerae is more closely related to V. harveyi in this region than any of the other species are APPL. ENVIRON. MICROBIOL. related to each other. Among the marine species, V. harveyi has 66 and 59% amino acid similarity with V. fischeri and P. leiognathi, respectively, and V. fischeri has 76% amino acid similarity with P. leiognathi.
When the amino acid sequences of the three V. cholerae isolates were aligned with the corresponding sequences from V. harveyi, V. fischeri, and P. leiognathi, it was found that 55.3% of the amino acids were identical between the four species. In addition, only six of the amino acids were unique to V. cholerae. Of the V. cholerae amino acid residues, 94% were identical to the residues in the same positions of the V. harveyi, V. fischeri, or P. leiognathi sequences.
DISCUSSION
Bioluminescence is a trait reported to occur among approximately 10% of V. cholerae isolates (58, 59) . In this study, an additional 21% of V. cholerae isolates were found to emit low levels of light, either dim or not detectable by the eye, indicating that light production occurs in more strains of V. cholerae than previously observed.
Plasmid DNA was not detected in the three luminescent and two nonluminescent (one luxA positive, the other luxA negative) V. cholerae strains tested, leading to the conclusion that the lux gene(s) in these strains is located on the chromosome.
The by hybridization of a PCR-amplified V. fischeri luciferase DNA probe to V. cholerae DNA. PCR amplification was used to analyze DNA from a species for which no nucleotide sequence was known. A sequence comparison of luciferase genes from three luminescent marine species revealed a region meeting the criteria for PCR primer design. This primer pair was able to amplify a product of the expected size in both luminescent and nonluminescent V. cholerae strains that hybridized with the luciferase DNA probe. Incorporation of restriction enzyme sites at the 5' ends of the primer sequences facilitated cloning into M13 vectors for subsequent nucleotide sequence analysis by the dideoxy method (51) . Nucleotide sequence analysis of this PCRamplified region verified the presence of the luxA gene in nonluminescent strains.
Taq polymerase extension is error prone, incorporating nonmatching nucleotides into the growing chain with an average frequency of 2 x 1i0 nucleotides per cycle. In 25 PCR amplification cycles, one can expect an average of one or two errors in a sequence of 350 bp. The one-nucleotide difference observed in the V. cholerae products, however, was not random and occurred at the same position in all three isolated sequences, making it unlikely that this difference is due to a misincorporation error of the polymerase.
In addition to the V. fischeri probe, the PCR amplification product obtained from V. cholerae was used as a hybridization probe in an attempt to detect luxA sequence in 01 serovar V. cholerae strains. DNA (14, 31) , DNA-DNA hybridization (11, 14, 16, 55) , rRNA-DNA hybridization (4) , and 5S rRNA sequencing (37) .
